The structural properties of the cell envelopes of Mycobacterium leprae and Mycobacterium lepraemurium were investigated by freeze-fracture, freeze-etching, and negative-staining techniques. Freeze-fracture split the cell wall and exposed the internal features of the peptidoglycolipid mycosidic filamentous network. The cell membrane was also split into two asymmetric faces. The external fracture face was characterized by linear arrays of intramembranous particles, whereas the protoplasmic fracture face showed randomly distributed clusters of particulate entities. Comparative analysis of the ultrastructural features observed in M. leprae and M. lepraemurium indicated that the organization of the cell envelope in these two species differed particularly with respect to the amount and complexity of the superficial peptidoglycolipid and mycosidic integument, which is poorly developed in the mycobacterium responsible for human disease.
Mycobacterium leprae and Mycobacterium lepraemurium are obligate parasites well adapted to survival within the phagocyte cells of human and rodent tissues (11) . In these microorganisms the envelope consists of a basal structure of mucopeptides covalently linked to arabinogalactane mycolates (2, 17) . Beyond this rigid polymeric layer the microorganism is further protected by an elaborated integument which has been said to be of peptidoglycolipids and mycosidic in nature (2, 6, 14, 17) . The morphological definition of these superficial layers has been accomplished mainly by electron microscopy of negatively stained preparations (2, 10) . The results of these studies lead to the conclusion that the peptidoglycolipid mycosidic components form a superficial complex filamentous network which is believed to be a characteristic property of the genus Mycobacterium (2, 14) . However, differences between the organization of the surface network in M. leprae and in other Mycobacterium species growing in artificial cultures have been described by Gordon and White (10) .
It is the purpose of this report to present the comparative surface ultrastructure of two species of mycobacterium which have not previously been extensively studied by freeze-fracture and by freeze-etching. The advantage of these methods compared with other techniques of specimen preparations is that from the study of fractured and etched exposed surfaces the threedimensional organization of the cell envelopes can be characterized. It is shown that the superficial tubular network exposed by deep etching and negative staining correlates and reflects the complexity of the internal organization of the cell envelopes revealed by the fracture. Moreover, some evidence is provided that the ultrastructural features of the cell envelopes in M. leprae differ from those in M. lepraemurium in regard to the extension and assembly of the peptidoglycolipid and mycosidic pattern.
MATERUILS AND METHODS
Human material was obtained from several biopsies of 10 
RESULTS
Freeze-etching applied to M. leprae shows that the outer cell surface has a rather smooth appearance ( Fig. 1) . Conversely, most of the M. lepraemurium studied by freeze-etching were characterized by an elaborated superficial integument. Figure 7 shows that the outer cell surface is wrapped round by ribbon-and rodlike forms.
Negative staining of M. lepraemurium clearly reveals that the outer surface of the cell wall comprises ribbon-and rodlike projections which after sonication appear to consist of fragmented tubular elements (Fig. 13) . The negative staining of M. leprae shows instead that the ribbons and tubules are undetectable even after sonication and only small patches of a filamentous network are visible (Fig. 6 ).
Freeze-fracture provides further evidence concerning the tubular nature of the material accumulated at the surface of M. lepraemurium. Figure 12 shows that ribbon-and rodlike projections are cleaved along their major axis, and convex and concave elongated surfaces are exposed. Adjacent tubules are also seen to be twisted about each other.
Freeze-cleavage occurs at different levels of the cell envelopes and produces four fracture faces. The inner cleavage plane splits the cell membrane. In M. lepraemurium the convex fracture face outwardly directed and close to the cytoplasm (PF) contains clusters of intramembranous particles ( Fig. 9 and 10 ). The concave, inwardly directed fracture face (EF) is studded with linear arrays and small clusters of particles (Fig. 8) . In M. leprae the PF (Fig. 5 ) and EF fracture faces are characterized by the presence of very few particulate clusters.
The outer cleavage plane splits the cell wall also into two halves. The convex inner fracture face, outwardly directed and close to the mycobacterium body (CWIF), is characterized by the presence of linear depressions and a few ridges ( Fig. 2 and 11) . Most of the ridges remain associated with the concave, inwardly directed, outer fracture face (CWOF) (Fig. 2 and 12 ). The ridges exist as discontinuous but aligned segments ( Fig.  2 and 12) . The average diameter of the depressions is 10 nm, and that of the ridges is 15 nm.
In most of the M. leprae the cell envelope shows a loss of the linear depressions and ridges. Hence, the convex and concave fracture faces have a rather smooth appearance ( Fig. 3 and 4) . Occasionally, individual mycobacteria possess a rather elaborate filamentous network although never as developed as in M. lepraemurium (Fig.   2 ).
DISCUSSION
In gram-positive microorganisms, the localization of the freeze-cleavage plane within the cell wall is still a matter of controversy (2, 14, 16, 18) . If, as is believed, the cell wall constituents form a network through covalent and hydrogen bonds (9) , then the site of the fracture within the cell is not easily identifiable, since at low temperature these bonds may still be sufficiently strong to hinder cleavage (4) . However, this assumption suffers from uncertainties related to possible differences in cell wall configuration and molecular organization among various species and types of gram-positive bacteria, in particular mycobacteria. Actually, analytical data bring the true gram-positive state of mycobacteria into question and indicate a striking chemical and structural complexity in the cell wall of these microorganisms (1, 2, 6, 7, 9, 14, 17) . From these interesting studies a multilayered model for the structure of the mycobacterial cell wall has been proposed (2, 14) . In agreement with the observations of Kim et al. (14) and Barksdale and Kim (2), our results on M. leprae and M. lepraemurium give a strong indication that the cell wall and the cell membrane both contain a preferential site of freeze-cleavage, producing convex and concave fracture faces. Hence, the cell wall in mycobacteria could comprise a planar hydrophobic continuum where peptidoglycolipid and mycosidic filaments are assembled. Furthermore, these components could accumulate at the outermost cell surface and form the ribbon-like and tubular elements revealed by negative staining, freeze-fracture, and freeze-etching. This assumption is supported by the morphological evidence that the filamentous network visualized on outer and in- It is striking that these cell wall components have some structural resemblance to the tubular forms of Gaucher's disease cerebrosides (15) and also to the peptidoglycolipid complexes extracted from the myelin (21) . We have also observed that the particulate entities visualized on the EF fracture face of the cell membrane, particularly in M. lepraemurium, form rows and arrays extending along linear patterns allusive to those of the fibrillar network found within the outer cell wall. The interpretation of these structural features probably resides in the knowledge that, in other types of biological membranes and envelopes, linear arrays of particulate entities, ridges, and complementary depressions exposed on fracture faces are usually markers for membrane assembly and differentiation (cf. ref. 3, 13, and 19) . For instance, particulate arrays at fracture faces of the outer membrane ofAcetobacter xylinum are believed to be the synthetic sites of cellulose microfibrils organized at the surface of the microorganism (5). Evidence has been provided that in the gram-positive Streptoccocus faecalis the cell wall is cleaved and rows of globules are visualized on the freeze-fracture faces. Tentatively, the latter particulate entities have been identified with assembly units of the outer cell envelope (20) . It is therefore tempting to set side by side the observation that the filamentous and tubular network is poorly developed in M. leprae and the finding that the intramembranous particles are represented only by a few clusters.
There is probably more than one alternative to explain the differences between the features of the cell envelopes of M. leprae and M. lepraemurium. The superficial mycosidic integument and peptidoglycolipid filamentous network are shown to occur in a wide variety of mycobacterial species (2, 14) . It seems that these components of the cell wall display very few differences among the various species of myco- bacteria so far investigated (2, 14) . The variations that have been detected are believed to correlate with the mycobacterium cell cycle. The accumulation both of peptidoglycolipids and mycosidic components would be an inherent feature of actively growing cells (2) . One possible explanation for the fact that the cell wall features of M. leprae differ from those of M. lepraemurium could therefore be that the adaptive processes of mycobacterium phenotypes living in different environments lead to alterations in cell wall morphopoiesis. It should also be recalled that all of the M. leprae used in the present investigation originated from lesions in patients receiving chemotherapy. A study is in progress on the M. leprae found in human lesions before and after treatment with antibiotics. Similar comparative investigations will also be carried out using M. lepraemurium.
On the other hand, we cannot rule out that the different surface ultrastructure of these two species of mycobacteria could rely upon the existence of species-specific variations among mycobacteria. Striking differences in the composition of the mycosidic integument of Mycobacterium smegmatis mutants compared with that of the wild type have been already found by Furuchi and Tokunaga (8) and by Goren et al. (12) . To our knowledge these interesting data have not been supplemented with ultrastructural studies, which could be highly significant to a better interpretation of the results here reported.
